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Abstract 
Friction bonding process is a method of joining two or more metal sheets by using heat and force to soften and yield an atomic adhesion 
between the two work layers. Using the insufficient heat and force, it can result in a non-bonded section or delamination, where a gap is 
appeared in between the two metal sheets after the process. With a very limited knowledge in relation to the friction bonding process, this study 
aims at revealing the effect of work temperature and force on the size of non-bonded section. Stainless steel 430, aluminum 1100 and 3003 
sheets were bonded in this study, where the non-destructive ultrasonic testing method was employed to measure the defect size beneath the 
bonded sample.  The results showed that a reduction in defect size can be obtained by increasing the work temperature as well as the stamping 
force. In addition, the optimal condition of the study case is also obtained through the experimental design. It can be concluded from the 
analysis that at the voltage of 595 Volt, 65 Watt and the stroke distance of 80 mm which is equivalent to 540 Celcius and force of 2590 kN 
provide the smallest delamination size. The regression model was also developed to show the relationship of factors to the delamination size. 
This equation can be used to predict the mentioned delmination size at various conditions.  
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1. Introduction 
Friction bonding process is a joining operation of two or 
more metal sheets by using heat and mechanical force to 
soften and provide an adhesion between the metal sheets. This 
joining process is done in a solid status, where the work 
materials are heated to a certain temperature before being 
pressed together by a mechanical force. The amount of heat 
and force used in the process is strongly dependent on the 
work materials to be bonded. The lack in controlling of 
process parameters could lead to the incomplete bonding or 
delamination of the jointed parts. The delamination or the 
presence of a gap between the incomplete bonded sheets can 
cause a significant failure once the part is under a mechanical 
or thermal load. In the manufacturing point of view, the 
appearance of incomplete jointed section is responsible for the 
number of rejected works so does the manufacturing costs. 
The mechanism of friction bonding process is similar to 
that of friction stir welding process, where parts are joined 
under a certain degree of heat and mechanical load. Many 
research works reported that the amount of heat energy 
conducted into the aluminum workpiece significantly affects 
the strength of joined section [1,2]. Moreover, by using an 
accumulative roll-bonding technique [3], ultrafine grained 
aluminum alloy 1100 can be processed with less alteration to 
the grain size obtained in the joined zone. To determine the 
quality of bonding, the ultrasonic testing method is normally 
used to nondestructively specify the bonding features. The 
amplitude-frequency characteristic of the ultrasonic signals is 
able to indicate the quality levels of bonded section [4,5,6].  
Due to the lack of insight into the friction bonding process, 
an investigation into the process for bonding aluminum sheets 
(1100 and 3003) was experimentally performed in this study. 
The size of delamination and metallurgical microstructure 
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were examined to realize the process performance and the 
optimum condition for bonding these aluminum sheets. 
2. Friction bonding process 
An induction heater equipped with a high radio frequency 
module is typically used to increase the workpiece 
temperature for friction bonding process. The rate of heating 
depends on the applied frequency, electric current, specific 
heat of work material, magnetic permeability of work material 
and electrical resistance of work material [7]. In order to bond 
the hot metal sheets, a screw press machine can be used to 
provide a mechanical force for enabling the bonding action 
[8]. In this step, the bonding process can be done along with 
the typical metal forming process, where a set of forming die   
is setup inside the screw press machine. In addition, a spot 
welding process can be applied before the step of friction 
bonding process to enhance the bonding ability. Fig. 1 shows 
the schematic of spot welding, induction heating and friction 
bonding process in a typical sequence found in the most metal 
forming industries. 
 
 
 
 
            
 
 
 
 
 
            
 
 
 
 
 
 
 
 
 
 
 
       
 
 
 
 
 
                        
 
Fig. 1. Friction bonding process 
3. Experimental setup and design 
The sequence of operations used in this study was 
according to Fig. 1. Three different metals (stainless steel 430, 
aluminum 1100 and aluminum 3003) with the diameter of 280 
mm were bonded by using the friction bonding process. The 
chemical composition and location of each metal sheet are 
given in Table 1 and Fig. 2. Based on our machine limits, the 
maximum bonding temperature and force were 550°C and 
2,620 kN, respectively. According to our preliminary 
experiments, the delamination was only found where the two 
aluminum sheets (1100 and 3003 sheets) bonded, while the 
interface between stainless steel and aluminum 1100 sheets 
provided no any sign of delamination. Moreover, the size of 
delamination seemed to be affected by the applied voltage of 
the induction heater, electrical power of the screw press 
machine and the stroke distance of the die set.  
 
Table 1. Wrought aluminum alloy composition limits (% weight) [9] 
composition limits   
(% weight) 
Stainless 
steel 430 
Aluminum 
1100 
Aluminum 
3003 
Cr 16.0-18.0 - - 
C 0.12 - - 
P 0.04 - - 
S 0.03 - - 
Mn 1.0 0.05 1.0-1.5 
Si 1.0 
0.95 
0.6 
Fe - 0.7 
Cu - 0.05-0.20 0. 05-0.20 
Zn - 0.10 0.10 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Workpiece dimensions and sheet metals used in this study 
In order to realize the process performance and 
optimization, a set of experiments was conducted by 
following the full-factorial design scheme as given in Table 2. 
Multiple-levels of the voltage, power and stroke distance were 
examined. Each experimental test was replicated by four to 
2.5-mm aluminum 3003  
 
2.5-mm aluminum 1100 
 
0.6-mm stainless steel 430 
280 mm 
Heaters 
Stroke 
Distance 
Spot welding 
Induction heating 
Stamping 
Punch 
Die 
Spot welding head 
Workpieces 
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qualify the statistical confidence. Hence, there were 48 runs in 
total to be conducted in this study. 
Table 2. Experimental parameters considered in this study 
Process parameter Level 
1 2 3 
Voltage (V) 565 580 595 
Power (W) 55 65 - 
Stroke distance (mm) 70 80 - 
 
An ultrasonic testing machine was employed to detect the 
size of delamination beneath the bonded sample. Furthermore, 
each work sample was visually inspected to decide whether 
the part is good or rejected. The good sample must not show 
any defects in terms of gap or incomplete bonded section 
around the rim of the bonded sheets. 
4. Results and discussion 
The experimental results were listed in Table3, where the 
percentage of rejected work and the average delamination size 
were presented. Furthermore, the workpiece temperature and 
stamping force used in the friction bonding process were 
measured to understand the bonding condition. From Table 3, 
it can be noticed that the change of induction heater voltage 
obviously affects the workpiece temperature. Similarly, the 
changes of screw press power and stroke distance of stamping 
die were found to alter the applied force in the friction 
bonding process.  It can be inferred from the table that the 
higher of work temperature and force,   the better the solution 
is. However, please be noted that due to limitation of the 
machine the working force cannot set beyond 2620 KN; 
consequently, the result at No. 12 provides the best result in 
the experiment.   
Table 3. Experimental results 
No Volt 
(V) 
Power  
(W) 
Stroke  
(mm) 
Temp  
(°C) 
Force  
(kN) 
%Rejected 
work  
Delami
nation 
size 
(cm) 
1 565 55 70 500 2033 100 67 
2 565 55 80 500 2180 100 49.2 
3 565 65 70 500 2503 100 29 
4 565 65 80 500 2570 75 23 
5 580 55 70 520 2040 100 48.1 
6 580 55 80 520 2228 100 35.1 
7 580 65 70 520 2505 100 24 
8 580 65 80 520 2580 75 12.7 
9 595 55 70 540 2040 100 41.1 
10 595 55 80 540 2203 100 29.9 
11 595 65 70 540 2495 100 20.5 
12 595 65 80 540 2590 0 5.4 
 
4.1. Statistical analysis 
Normality and equal variance tests were performed, and 
the p-values obtained for the tests were 0.240 and 0.980, 
respectively. This indicates that the experimental data was 
distributed as the normal shape, and every test conditions had 
the same degree of variance. Therefore, the quality of data 
was statistically qualified for the analysis of variance 
(ANOVA) as given in Table 4. The degree of freedom (DF), 
the sum of squares (SS), mean squares (MS) obtained from 
Minitab software are also shown in the table. 
Table 4. Analysis of variance  
Source DF SS MS F P 
Voltage 2 2652.1 1326.0 41.10 0.000 
Power 1 8093.8 8093.8 250.89 0.000 
Stroke 1 1853.8 1853.8 57.46 0.000 
Vol*power 2 228.2 114.1 3.54 0.038 
Error 41 1322.7 32.3   
Total 47 14150.6    
                            R-Sq = 90.65%                 R-Sq (adj)  = 89.29%       
 
 
According to the ANOVA results (Table 4), all parameters 
were found to play the significant role in the change of 
delamination size under the confidence interval of 95%. In 
addition, the adjusted R-square of 89.29% indicated a good 
correlation between the considered parameters and response. 
4.2. Effect of process parameters 
Fig. 3 shows the relationships between the three main 
process parameters and the response, in which the increases in 
the heater voltage, the press machine power and the stroke 
distance decrease the size of delamination. This is attributed 
to the heat energy and force that become high at these setups. 
Once the work materials is bonded under sufficiently high 
temperature and force, the atomic adhesion between the work 
surfaces can be yielded, hence decreasing the non-bonded 
section or delamination accordingly. With regard to the plot, 
the best condition providing smallest delamination seems to 
be the voltage of 595 V, the power of 65 W and the stroke 
distance of 80 mm. 
 
 
 
 
 
 
 
Fig. 3. Effect of heater voltage, screw press power and die stroke distance on 
delamination size  
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Workpieces were cut in halves to be examined their 
metallurgical microstructures at the bonded interfaces. 
Though there was no delamination between the aluminum 
1100 sheet and the stainless steel 430 sheet, it was found in 
between the aluminum 1100 and 3003 sheets. The incomplete 
and complete bonded sections of aluminum 1100 and 3003 
sheet are depicted in Fig. 4 and 5 respectively. This can be 
implied that the delamination detected by the ultrasonic 
testing machine was only accounted for the gap between the 
two aluminum sheets. According to Fig. 4 and 5, 
recrystallized and equiaxed grains with insoluble FeAl3 
particles (black phase) can be seen in the micrograph of 
aluminum 1100. Additionally, the size and distribution of 
such insoluble particles were unaffected by heat in the friction 
bonding process. This means that the temperature used in the 
process was below the annealing threshold of aluminum, such 
that there was no significant change to the work material 
properties [10]. For the aluminum 3003 sheet, the insoluble 
particles of (FeMn)Al6 (large black phase) and aluminum-
manganese-silicon (both large and small particles) were also 
not changed by the heat used in the process, thus no 
metallurgical changes found. 
5. Process modeling 
The linear regression analysis was employed to formulate 
an empirical model from the experimental data obtained [11]. 
Regarding the ANOVA results, the three main process 
parameters and a voltage-power interaction were the 
significant factors to be concerned. Nevertheless, the voltage-
stroke and power-stroke interaction factors are not significant; 
therefore, both interaction factors will not be included in the 
model. Hence, the process model was developed as a function 
of the mentioned four major terms. The model and its relevant 
coefficients can be expressed as:  
 
y = 1736.7 - 2.5096 x1 - 21.109 x2 - 1.243 x3 + 0.0319 x1x2   (1) 
 
where y is the delamination size (cm), x1, x2 and x3 are applied 
voltage of induction heater (V), power of screw press machine 
(W) and stroke distance of stamping die (mm) respectively.    
 
It can be seen from the model that the increasing of 
voltage, power and stroke will decrease the delamination size. 
The intensity of power factor plays the most effect to the 
response i.e. delamination size.  However, the intensity of 
volt-power interaction has the least effect to the model. Thus, 
in order to reduce the response, the volt and power factors 
should be paid more attention than the stroke distance factor. 
6. Conclusions 
The effect of induction heater voltage, screw press power 
and stroke distance of stamping die on the delamination size 
in the friction bonding of three metal sheets was revealed. The 
complete bonding was obtained when high voltage, high 
power and larger stroke distance were applied. Under the 
constraints of induction heater and screw press machine used 
in this study, the smallest delamination size was about 5 cm in 
average. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Typical micrograph at the bonded interface of delamination between 
aluminum 1100 and 3003  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Typical micrograph at the bonded interface of the completely bonded 
section between aluminum 1100 and 3003 
In addition, the metallurgical analysis exposed that no heat 
treatment effect was found at the bonded interface, entailing 
that there was no change of material properties after the 
friction bonding. With these results, an insight into the friction 
bonding of metal sheets in terms of delamination and 
metallurgy has been apparent. Furthermore, the process 
parameters’ relationships and the developed model could be 
used as a guideline for process selection and control in the 
friction bonding and other relevant metal joining processes. 
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